This paper describes motion of 748 grains during superplastic deformation of TZP (Tetragonal Zirconia Polycrystal) ceramics. In the same way as the latest paper of the present authors, the same TZP specimen was 4 times further deformed at 1673K (=1400℃) in air under tensile loading. The increment of true plastic strain was set to be about 2%, and the final true plastic strain reached 25.3%. After each deformation, a position vector of the same grain was read out from a FE-SEM photograph, and thereby its displacement vector was determined. By changing the increment of true plastic strain in calculation, various displacement vector maps were obtained in consideration of the previous data also. At an increment of about 25% of true plastic strain; most of the grains seem to move along stationary streamlines similar to laminar flow. When we look at the grain motion at increments of about 5%, several tens of grains move to the same direction instantaneously, and therefore a kind of domain is formed at the first loading. In a subsequent deformation, however, the domains gradually disappear and each grain seems to move randomly, indicating that grain motion becomes spatially uniform. At increments of about 2%, convergence and divergence in grain motion gradually diminish with increasing the true plastic strain and this tendency corresponds to the observation at increments of about 5%, although each grain moves in a zigzag way gradually turning to the loading direction. From these results, the grain motion has a similarity to diffusion phenomenon because the observed time period makes a profound effect on the motion. As for time evolution of grain structure, by the first 15% of true plastic strain, local deformation resistance (viz. constraint by neighbor grains) is gradually homogenized, and consequently spatially uniform grain motion is attained leading to superplasticity in TZP ceramics.
Introduction
Ceramic superplasticity was found in 1986 (1) , and many studies have been done to understand its deformation mechanism. Most of the studies (2) - (8) were intended to determine a stress exponent and grain size exponent calculated from high-temperature test data (at constant strain rate). This reminds us of an impression that ceramic superplasticity must be explained in classical models (9) (10) where an accommodation process by diffusion is assumed in four grains configuration similar to diffusional creep theories. However, the present authors think that all the grains are not simultaneously moved in the same way as these models. In other words, superplasticity should be understood in collective motion of many grains, and be expressed in equation of motion of the grains. Some of the studies turned our attention to interaction of many grains. Chokshi (11) measured a percentage of grain boundary sliding in the total plastic strain, and Langdon (12) discussed grain boundary sliding mechanism. Similarly, multiple grain mechanisms also have been proposed such as grain switching mechanism (13) and cooperate grain boundary sliding mechanism (14) . However, the present authors consider that these mechanisms are still insufficient to totally explain ceramic superplasticity, because the observation to verify these mechanisms was limited in a local area containing only a few grains. To solve this problem, the present authors (15) (16) repeated 10 times superplastic deformation of a TZP (Tetragonal Zirconia Polycrystal) specimen up to 17.6% of true plastic strain, and every time measured the position vectors of specified 748 grains. By calculating each displacement vector, the present authors discussed grain kinematics at an early stage of deformation in the latest papers (15) (16) . Hence, a new question arises: "Are such a grain kinematics changed with increasing the true plastic strain more?" In this paper, the experiment was further continued with the same specimen until 25.3% true plastic strain (viz. 4 times deformation cycles were done this time), and the displacement vectors of the 748 grains were determined. By comparing the additional data to the previous one, we discuss the grain kinematics at a subsequent stage of superplastic deformation in TZP ceramics, and answer the question why we see different aspects in grain motion by changing the increment of true plastic strain in displacement vector maps.
Experimental

Tensile specimen
The tensile specimen is the same as that in the latest paper (16) of the present authors. Here, we briefly summarize the experimental procedure below. 3mol% Y 2 O 3 -doped zirconia powder (TZ-3Y, Tosoh, Japan) was used as raw material. Powder compact was made by uni-axial pressing at 30MPa for 2min and cold isostatic pressing at 100MPa for 2min. The compact was sintered at 1773K (=1500˚C) for 2 hr in air. By cutting and grinding processes, a tensile specimen was made as shown in Fig.1 . The gage length was 10mm and cross section was 2mm×2mm. The specimen surface was polished with diamond slurry (2-4µm) and subsequently thermally etched at 1573K (=1300˚C) for 10 min in air to clearly observe grain structure. As shown in Fig.2 , a square grid (100µm × 100µm) was introduced in the center of the gage section by lightly rubbing with a glass cutter, and some scratches were also formed by #800 sandpaper in order to easily identify each grain during FE-SEM observation. Since the depth of the rubbed track and scratches was nearly equal to several grain sizes (average grain size = 0.35 µm), there is little influence on the grain motion far away from the track and scratches.
Measurement of position vector of the grain
The specified 748 grains were identified with a FE-SEM (S800, Hitachi, Ltd., Japan, magnification = 15,000). The total observed area including 748 grains was around 10µm square. The representative point of each grain was defined as the midpoint of the maximum diameter normal to the tensile axis, and the temporary position vector was measured from FE-SEM images by using an image analyzer application software where the origin of 
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Tensile direction coordinates was temporarily set to an arbitrary grain. By using the temporary position vectors of all grains, we calculated the center of gravity. Thus, we obtained the exact position vectors of the grain by shifting the origin from the arbitrary grain to the center of gravity.
Superplastic deformation of TZP specimen
Superplastic deformation was carried out with a material testing machine (type 4501, Instron, USA) equipped with an atmospheric furnace. The specimen was heated up at a rate of 5K/min, and held at 1673K (=1400˚C) for 20 min. The first 10 min later, the tensile load was subjected to the specimen under a crosshead speed of 0.2 mm/min (viz. nominal strain rate is 3.3×10 -4 /sec at the first deformation cycle). An onset of plastic deformation was soon detected by nonlinearity in the load/extension curve. After the increment of the nominal plastic strain reached 2% (viz. the increment of the plastic extension approximately reached 0.2 mm), the specimen was unloaded and cooled down to the room temperature at a rate of 10 K/min. By this means, the increment of true plastic strain was set to be about 2%. During heating and cooling periods, the specimen was preloaded at around 3N ( ≒ 300gf) to maintain right alignment of the loading train. After the deformation, the grains were identified with the FE-SEM again and their position vectors were also measured. By repeating these procedures 4 times more, the change in the position vectors of the grain was determined.
Determination of displacement vector
As shown in Fig.3 , x-axis is set to be the tensile direction, and y-axis is perpendicular to tensile direction. By using the position vectors of a grain before and after the deformation, we determine a displacement vector u of the grain in the following equation,
, where t (x 1 , y 1 ) denotes a position vector of a grain before the deformation, and t (x 2 , y 2 ) denotes the position vector of the same grain after the deformation. The superfix "t" means transpose of vector.
Result and discussion
Characterization of the specimen
The apparent density of TZP specimen is 99.5% of its true density, indicating that the specimen is fully dense for the purpose of this study. is only detected in the specimen even if tensile loading is repeated at 1673K(=1400˚C). 4 -point bending test data shows that the Young's modulus is 233GPa, and the average fracture strength is 673MPa of the specimen. For the reader's convenience, the previous data (16) is also included in our discussion below.
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True stress/true strain curve
To confirm that the square grid (100µm in size) was uniformly deformed, we shall compare two types of true plastic strain. One is the macroscopic true plastic strain calculated from the change in the gage length of the tensile specimen, and the other is the microscopic true plastic strain calculated from the change in the grid size. The comparison is shown in Fig.5 . We see that the plastic deformation of the grid was almost the same as that of the gage length. And also the present authors observed that shape of the grid gradually changed from square to rectangular as the superplastic deformation was advanced. It follows that the grid itself was uniformly deformed and the experiment went well. Figure 6 shows true stress/true strain curves calculated from the load/extension curves. Plastic deformation seems to start at around 30MPa in every curve. For the first four cycles, the maximum stress is approximately 40MPa at which the increment of true plastic strain reaches about 2%. However, the maximum stress becomes lower down to 35MPa for the fifth cycle or later. It suggests that deformation resistance is slightly decreased due to the change in grain structure during deformation. The 11th curve (pointed by white arrow) or later are new data in this experiment. From these curves, we understand that the grain kinematics is surely stationary with increasing the true plastic strain after the initial drop in maximum stress (viz. after the fifth cycle or later). In the latest paper (16) , the present authors did not come to such a conclusion because the ninth cycle is slightly different from the others nearby. However, we can say the conclusion with certainty this time. Figure 7 shows FE-SEM micrographs to examine a grain structure around the same grain. The grain is marked with a white circle. At a first glance, we cannot recognize differences between these micrographs, except for that some grains coalesce by grain growth. However, careful inspection enables us to catch on slight changes in the distance and angle between adjacent grains. This is the reason why we try to calculate the displacement vectors of the 748 grains in the next section. Figure 8 shows a displacement vector map at an increment of about 25% true plastic strain. Namely, the displacement vectors are calculated from position vectors at the true plastic strain of 0% and 25.3 %. In the map, most of the grains move turning to the direction of tensile loading (x axis), and seem to be on stationary streamlines similar to laminar flow. These motions demonstrate that the position vectors were properly measured in this experiment.
Displacement vector map
The displacement vectors in Fig.8 must have a meaning of long-time average in grain motion because we do not see any large-scale fluctuation (or turbulence) in the map. This leads an interpretation that several tens % of true plastic strain is large enough for grain motion to diminish its own fluctuation, and therefore classical creep theories may have partly succeeded to explain superplastic deformation. Figure 9 shows displacement vector maps at increments of about 5% true plastic strain. From these figures, we find some grains move to the same direction and a kind of domain is formed. So, we check this type of domain and mark them with dashed circles. In Fig.9(a) , we pick up six domains containing several tens of grains. These domains slightly shrink in Fig.9(b) , some of which disappear in Fig.9 (c) and (d). New domains are formed in other places in Fig.9 (e), however, it seems that no domain survives through whole superplastic deformation and that the matrix of grains moving randomly becomes dominant with increasing the deformation. This phenomenon is characterized as transient formation and extinction of domains, and has been called "Recombinant Domain Movement" mechanism by the present authors (15) (16) . The mechanism is outlined as follows; several domains (several micrometer in size) temporarily form and move in the matrix of grains moving randomly; these domains are soon constrained by the surrounding matrix and disappear; new domains are formed in other places by re-combination of grains. The increment of about 5% of true plastic strain is just fitted into the time interval to observe this type of collective grain motion. The matrix (of grains moving randomly) becomes larger than the domains in Fig.9 (b) for the first time, and it coincides with the initial drop of maximum stress in Fig. 6 . Figure 10 shows displacement vector maps at about 2% increments of true plastic strain. Fig.10 (a) looks like the displacement map in Fig.8 (viz. the increment of about 25%) because upper half of the grains move upward and the lower half downward. This must be reasonable when we consider Fig.10 (a) expresses the initial displacement by tensile loading at 1673K(=1400˚C). On the contrary, subsequent maps are seemingly curious. In Fig.10 (b) , most of the grains converge on around the origin of coordinates. In Fig.10(c) , however, most of the grains spread out. The convergence and divergence in grain motion continue up to around 15% of true plastic strain (in Fig.10 (i) ), and thereafter, the grain motion becomes spatially uniform with a relatively small displacement vector although its direction is still widely distributed. That is to say, with increasing the true plastic strain, most of the grains tend to be in the matrix of grains moving with almost the same magnitude of velocity, and spatially uniform motion is attained (viz. there is not so many grains moving together in the similar way as convergence or divergence). From this stage, the spatially uniform motion must be steady so that superplasticity results in much large deformation. Note that the matrix of grains moving randomly in Fig.9 also plays a large part in the 748 grains at around 15% of true plastic strain.
If the displacement vector in Fig.10 can be interpreted as instant fluctuation, the grain motion must be affected by local constraints of neighbor grains with each passing moment, and local turbulence must vary from place to place. However, the fluctuation in Fig.10 is regularly changed between divergence and convergence for most of the grains (viz. most of the grains converge at the same time, and then spread out at the same time). In addition, we have already known a net displacement of each grain in Fig.8 (viz. the increment of about 25%). To put it all together, the present authors propose such a grain kinematics that each grain moves in a zigzag way gradually turning to the loading direction, and also that another several hundreds of grains must spread out together when the 748 grains converge all at once in order to keep rectangular shape of the grid during superplastic deformation. This speculation can be supported by Fig.11 , which shows the relation between the increment of true plastic strain of the grid and the average magnitude of displacement vectors. Most of the data points (except for 3 data points) are at around 2% of increment of true plastic strain, however, each value of the average magnitude widely ranges from 0.1 to 0.5µm. It means that the motion in the 748 grains is different every time even if we maintain the increment of true plastic strain of the grid. Stated differently, the 748 grains sometimes move far but sometimes move near in the same time interval.
To end up this section, we must note a similarity between grain motion in superplasticity and atom migration in diffusion because both phenomena show dependence of observed time interval. When we clearly perceive the similarity, the grain motion in Fig.10 is not so curious but reasonable.
Statistical analysis of collective motion of the grain
This section describes quantitative analysis on collective motion of the grains in two ways. One is auto-correlation coefficients of magnitude |u i | and orientation angle θ, and the other is one-dimensional mapping from |u i | to |u i+1 |.
For each grain, auto-correlation coefficient r |u| of magnitude |u i | and also auto-correlation coefficient r θ of orientation angle θ are defined as below,
, From these histograms, the average value and standard deviation of r |u| and r θ are calculated. r |u| has an average value of 0.3 and standard deviation of 0.16. Likewise, r θ has an average value of -0.28 and standard deviation of 0.18. Judging from these values, we see that auto-correlation is not so strong for magnitude and orientation angle of displacement vectors in each grain. However, a positive value of r |u| means that a grain moves far at one cycle and then the grain still move far at the next cycle. A negative value of r θ means that a grain moves in one direction at one cycle and then the grain move in an opposite direction at the next cycle. A noteworthy relation cannot be seen in auto-correlation of each grain any more, so that we shall move to one-dimensional mapping in the next. Figure 13 is made by plotting |u i+1 | against |u i | of each grain at every adjacent cycle. This plot is well known as one-dimensional mapping in the field of dynamical system, and based on some kind of relation between |u i+1 | and |u i |.
, where f i is a stepwise continuous function of the i-th adjacent cycle. In Fig.13 (a) , we see large scattering in data, and this must be reflected by the initial grain structure developed by sintering. Namely, one grain has large |u 2 | and another grain has small |u 2 | depending on their circumstances, even if both of them have small |u 1 |. From Fig.13 (b) to (i), we find that the data points slightly converge to a zonal area although location of the zone is changed every time. Since most of the zones have a positive slope, a grain moves far at one cycle and then the grain tends to move far again at the next cycle, which agrees to the discussion in auto-correlation of the magnitude of displacement vector. In Fig.13 (j) , however, the zone becomes smaller again, and its shape does not change thereafter. This tendency coincided with that the matrix of grain moving randomly becomes dominant in Fig.9 and Fig.10 .
The discussion in this paper is summarized as follows: the initial grain structure after sintering is not always convenient to grain boundary sliding, and therefore one-dimensional mapping shows large scattering at the first cycle of deformation: in the subsequent cycle, local deformation resistance (viz. constraint by neighbor grains) varies from place to place, and thus a part of grains tend to move to the same direction until the grains encounter strong constraint (viz. recombinant domains are formed): with increasing the deformation cycle, local deformation resistance is gradually homogenized, and thus recombinant domains disappear: at around 15% of true plastic strain or later (viz. Fig. 10 (j) and Fig.13 (j) 
Conclusion
Kinematical analysis was carried out for 748 grains during superplastic deformation of TZP (Tetragonal Zirconia Polycrystal) ceramics. Tensile loading was totally 14 times repeated to a TZP specimen at 1673K (=1400℃) in air. The increment of true plastic strain was set to be about 2%, and the final true plastic strain reached 25.3%. After each deformation cycle, a displacement vector of each grain was determined by the change in the position vector of the grain. From these data, various displacement vector maps were obtained. At an increment of about 25% of true plastic strain, most of the grains seemed to move along stationary streamlines. At increments of about 5%, a kind of domain was formed, however, the domains soon disappeared due to constraint by surrounding matrix of grains moving randomly. At increments of about 2%, the grains move in a zigzag way turning to the tensile direction. From the observation, the grain motion has a similarity to diffusion phenomenon because the observed time period makes a profound effect on the motion. As for time evolution of grain structure, by the first 15% of true plastic strain, local deformation resistance (viz. constraint by neighbor grains) is gradually homogenized, and consequently spatially uniform grain motion is attained leading to superplasticity in TZP ceramics.
